In this paper, the electrical characteristics and reliability of ZrO 2 -based metal-insulator-metal (MIM) capacitors are investigated. High capacitance density of 15.3 fF/m 2 was achieved for ZrO 2 MIM capacitors, which is acceptable for the reported MIM capacitors. Schottky emission at the low field region is not a dominant mechanism, and Frenkel-Poole emission is the dominant mechanism at the high electric field region. The extracted dynamic constant and trap energy level were 4.013 and 0.963 eV, respectively. The reduced trap energy level with increasing electric field is due to a rise in the field-induced barrier-lowering effect. The variation of as a function of stress time under constant voltage stress (CVS) gradually decreases, while the variation of ÁC stress =C 0 under CVS increases because the generation of new dipoles in the high-dielectric under CVS may cause charge trapping in the high-dielectric. #
Introduction
Metal-insulator-metal (MIM) capacitors are a key passive device for integrated circuits for analog, radio frequency (RF), and dynamic random access memory (DRAM) applications. 1, 2) In addition to high capacitance density, low leakage current is necessary for system-on-a-chip (SOC) applications. 3, 4) In order to obtain high-density MIM capacitors and to reduce leakage current, MIM capacitors with a high-(HK) dielectric and high workfunction metal electrode have been intensively studied. 5) Relatively low leakage currents have been obtained due to the decreased electric field in the thick HK dielectric. However, the energy band-gap (E g ) of the HK dielectric and its conduction-band offset (ÁE C ) to the metal electrode become worse with increasing HK dielectric constant, 6) which can cause poor electrical performance, poor reliability, and thermal leakage current. In the literature, [7] [8] [9] [10] [11] [12] zirconium oxide (ZrO 2 ) has emerged as one of the most promising HK dielectrics for MIM capacitors due to its outstanding characteristics including high dielectric constant, low leakage current, and high electrical performance. 13) However, there have been few reports on a MIM capacitor with single ZrO 2 layer, which would be necessary for high-density capacitors, although a stacked dielectric with ZrO 2 has been reported. Among various capacitor characteristics, performance variation during operation (i.e., reliability) is particularly important for analog applications where small capacitance variation and low leakage current is strongly required. The reliability of the capacitance degradation behavior under electrical stress has been an important issue for accuracy when operating MIM capacitors for analog and DRAM applications. 14) In addition, the MIM capacitance varies under electrical stress, and it has been observed that the relative capacitance variation is dependent on the injected charge in the HK dielectric. 15) Therefore, accurate analysis of the leakage current mechanism for the MIM capacitor and the capacitance variation under the electrical stress are necessary to assess the reliability.
In this paper, the current transport mechanism and reliability of capacitance variation under electrical stress with single zirconium oxide layer are characterized in depth.
Experiments
MIM capacitors were fabricated on 8-inch silicon substrates. A 500-nm-thick isolation oxide was first formed on the Si wafers, followed by the formation of the bottom electrode of the MIM capacitor on the isolation oxide using TiN bi-layer metals. Next, ZrO 2 (100 # A) dielectrics were formed by atomic layer deposition (ALD). The post-deposition anneal (PDA) at 400 C for 30 min was used to improve the dielectric quality. Finally, TiN was deposited on the HK dielectrics and was patterned to form the top electrode of the MIM capacitors.
Capacitance-voltage (C-V ) measurement was performed using a precision inductance capacitance resistance (LCR) meter (HP4284A) with 30 mV AC sweeping signal. Before C-V measurement, a calibration of open and short was performed to remove the parasitic series resistance between the front of the measurement tip and the LCR meter. Current-voltage (I-V ) and reliability characteristics were measured using an Agilent 4156C semiconductor parameter analyzer, which was connected to a probe station with a temperature controllable heating plate.
Results and Discussion
Capacitance density and dissipation factor as a function of frequency at 10 kHz-1 MHz are shown in Fig. 1 . The high capacitance density of 15.3 fF/m 2 was obtained with a small dissipation factor (1=Q factor) of below 0.03 over the entire frequency range.
16) The Q factors can be directly related to the dissipation factor, which is extracted by measuring conductance (G P ) for frequencies below 1 MHz as assumed equivalent parallel circuit (C P -G P ). 16) To analyze the current transport mechanism, the leakage current of ZrO 2 -MIM capacitors is measured at various temperatures, as shown in Fig. 2 . The leakage current at the low field region does not exhibit temperature dependence either at the top or bottom injection modes, in contrast to the high field region, which may be due to the fact that Schottky emission is not dominant at the low field region. However, leakage current has a strong dependence on temperature at the high field region, where it is believed that the FrenkelPoole (FP) emission is dominant. The FP emission is dependent on the defects existing in the bulk of HK dielectrics. The trapped carriers can move easily to the conduction band due to the thermal activation or the external electric field that lowers the trap potential well depth. It should be emphasized that the traps at shallow energy levels contribute more to the FP emission than those at deep energy levels at the same applied field due to a smaller energy barrier. Accordingly, the magnitude of the resulting leakage current depends on the probability and the amount of the carriers that can de-trap from the trap centers to the conduction band. The FP effect can be described by 6) J
where " 0 is the permittivity of free space, " i is the dynamic dielectric constant, E is the electric field across the HK dielectric, T is the absolute temperature, q is the elementary charge, k B is the Boltzmann constant, and È T is the trap energy level from the band edge of the HK dielectric. Although both the top and bottom injections are dominated by FP emission, only the bottom injection at the high field region is analyzed in this work. To confirm our hypothesis, lnðJ=EÞ versus E 1=2 is plotted in Fig. 3 at various temperatures. A good linear relationship between lnðJ=EÞ versus E 1=2 and eq. (1) is achieved in the high electric field region for all temperatures. A linear fitting of the measurement data can suggest the dynamic constant and refractive index.
6) The extracted dynamic constant ($4:013) and refractive index (1.8-2.6) show good agreement with the previous study, 6) which indicates that the conduction mechanism at high electric field region is related to the FP emission. Moreover, the extracted dynamic constant gradually decreases with each measurement temperature, which can be attributed to the effects of thermal stress, thermal expansion, and electronic polarizability. 17, 18) Furthermore, lnðJ=EÞ versus 1000=T is plotted at different electric field, as shown in Fig. 4 . The extracted trap energy level calculated using the previously obtained dynamic constant at each temperature has a range of 0.973-0.963 eV, as shown in Fig. 4 . The trap energy level can be extracted by fitting the measured data with eq. (1). The decreased trap energy level is believed to be due to an increase of the field-induced barrier-lowering effect. The intrinsic trap energy level at zero bias can be obtained through extrapolating the data, as shown in Fig. 5 . The extracted trap energy level at zero electric field corresponds to that of the reported value.
5)
The variation of the quadratic voltage coefficient () for MIM capacitors gradually decreases with stress time under constant voltage stressing (CVS), as shown in Fig. 6 . However, the relative variation of ÁC stress =C 0 under CVS increases with the injected charge, as shown in Fig. 7 , where ÁC stress is the difference between the zero-biased capacitances of the fresh and stressed devices. The variation of and ÁC stress =C 0 under CVS may be explained by the phenomenon of charge trapping, as the generation of dipoles in the HK dielectric and CVS at higher field can cause more charge trapping. 15) In addition, the trapped charges results in the decrease of the carrier mobility in the HK dielectrics through electrostatic scattering, which can be attributed to a smaller and the higher capacitance according to the freecarrier injection model. 19) 
Conclusions
In this paper, the conduction behaviors of a MIM capacitor with a single ZrO 2 layer have been investigated by analyzing the current transport mechanisms. Although there is little Schottky emission at the low field region, FP emission is observed to be a dominant mechanism at the high electric field region. The decrease of the trap energy level is due to the field-induced barrier-lowering effect. The variation of under CVS gradually decreases, while the variation of ÁC stress =C 0 under CVS increases, which may be attributed to the phenomenon of charge trapping due to the generation of new dipoles in HK dielectrics. 
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